Because plants are composed of immobile cells, plant morphogenesis requires mechanisms allowing precise control of cell expansion and cell division patterns. Cortical domains, localized in response to directional cues, are of central importance in establishing cell polarity, orienting cell division, and determining daughter cell fates in a wide variety of prokaryotic and eukaryotic organisms. Such domains consist of localized macromolecular complexes that, in plant cells, provide spatial control of cell expansion and cell division functions. The role of the cytoskeleton, plasma membrane, and targeted secretion to the cell wall in the spatial regulation of cell morphogenesis in plants is discussed in light of recent results from model organisms, including brown algal zygotes (e.g. Fucus). A general model, emphasizing the importance of cortical sites and targeted secretion, is proposed for morphogenesis in higher plant cells based on current knowledge and principles derived from analysis of the establishment of a stable cortical asymmetry in Fucus. The model illustrates mechanisms to direct the orientation of an asymmetric division resulting in daughter cells with different fates.
INTRODUCTION
The fixed, immobile nature of plant cells and tissues requires that the plane of cell division and the site of cell expansion be closely regulated to generate morphological and developmental diversity (Figure 1 ). The mechanisms wall expansion, as well as at new cell walls that partition daughter cells following (e, g) symmetric or ( f, h) asymmetric divisions. The division sites (solid circle) represent cortical domains that include putative macromolecular complexes involved in orienting the division apparatus to generate daughter cells of equal or unequal sizes. Certain asymmetric divisions in plants (e.g. in zygotes, microspores, root cortical cells) partition determinants to one daughter cell (hatched area; f, h), a process essential for generating differences in developmental fate between the daughter cells. Various morphogenetic patterns diagrammed above for plant cells also occur in other organisms; for example, polar growth in yeast (d ) , and asymmetric cell division in bacteria, flies and worms ( f, h) . Annu. Rev. Cell. Dev. Biol. 1997.13:697-743 . Downloaded from arjournals.annualreviews.org by Washington University Library on 07/13/05. For personal use only.
PLANT CELL MORPHOGENESIS 699 that specify differences in the shape of plant cells require the localization of the macromolecular complexes controlling cell expansion or cell division to one or more cortical sites or domains. In some cases, the local assembly of the macromolecules required for cell division or expansion at a site is accompanied by the localization of macromolecules that may also direct the developmental fate of the new daughter cells (Figure 1 ). Coordination between the sites for cell division and expansion requires some type of communication, possibly through signaling cascades that are triggered by directional cues from internal and/or external sources. The ability to sense directional signals for positioning structural complexes and the division plane is well documented in bacterial, yeast, and animal cells (Horvitz & Herskowitz 1992 , Drubin & Nelson 1996 , Gönczy & Hyman 1996 . Usually, a directional signal serves to produce a cortex-or membrane-associated asymmetry, which then defines a cortical domain to which macromolecules are directed and anchored by a cytoskeletalbased complex. Although this review centers around the role of interactions between the cytoskeleton, the plasma membrane, and the cell wall during plant cell morphogenesis, we first use examples from several other model systems to address some general questions applicable to all cell types: What are the source and nature of signals that target particular cortical sites for assembly of a macromolecular complex; how are these sites stabilized to direct localized morphogenesis; and what are the developmental consequences of these events for subsequent cellular differentiation? General principles from this discussion provide a framework within which we can examine similar problems in plants.
MORPHOGENESIS IN PROKARYOTES, YEAST, AND ANIMALS

Prokaryotes
In Bacillus subtilis, an asymmetric cell division is required for the differentiation of the spore (Errington 1993) . Initially, the bacterial cell envelope appears to contain three potential division sites: one medial and one near each of the poles. Structural components that are localized to the polar sites early in development include the membrane-spanning protein SpoIIE (Duncan et al 1995) and FtsZ, which is a tubulin-like GTPase laid down as a ring or disc associated with the septum (Osteryoung & Vierling 1995 , Erickson et al 1996 . During a normal division, the septum is placed at the medial site (Rothfield & Justice 1997) (D Bramhill, this volume) . However, at the start of sporulation, the medial site is apparently masked, whereas the polar sites are equally accessible to the septation machinery. Although the FtsZ (Levin & Losick 1996) and the SpoIIE proteins are initially directed to both polar sites, eventually only one forms a septum, usually the site at the pole most distal to the preceding division site (Figure 1, f ) . Apparently, the activated form of the transcription factor SpoOA induces gene expression that suppresses FtsZ assembly at the medial site and/or activates the sites at both poles (Levin & Losick 1996) . Little is known, however, of the nature of the division sites in this system or of the mechanisms that direct the placement of the apparatus responsible for the sporulation division.
The asymmetric site of flagellar assembly in the predivisional cell of Caulobacter crescentus is another example of localized morphogenesis in a prokaryotic cell (Shapiro 1993 , Gober & Marques 1995 , Domian et al 1996 . The distribution and anchoring of the flagellar motor protein and the methyl-accepting chemoreceptor protein (McpA) to a discrete patch of cell membrane at the swarmer pole are the first signs of the morphogenesis. Like FtsZ and SpoIIE in B. subtilis, McpA is initially localized to membrane domains at two sites; in this case, the swarmer and stalk poles. However, it is unclear whether McpA is directionally targeted and inserted locally, or inserted at random and then trapped at the poles by a receptor. Localization is followed by degradation at the stalked pole (Jenal & Shapiro 1996) . The initial asymmetric cue that defines the final membrane localization site is set by the previous division site. In both prokaryotes, a cortical domain is identified that positions a macromolecular complex which promotes a localized morphological change.
Yeast
Cortical sites in eukaryotes serve to localize signaling networks or molecular switches that redirect the cytoskeleton, the secretory apparatus, and the cell division apparatus toward the spatial cue. For example, in the yeast Saccharomyces cerevisiae, the site of polarized growth (i.e. bud formation or mating projection formation; Figure 1d ) is identified by either an intrinsic cue (the previous bud site) or an extrinsic cue (pheromone gradient), which directs the cytoskeleton (actin and septins) and secretory apparatus to the target site by a series of molecular switches comprised of ras-related GTPases (e.g. Bud1p, Cdc42p, Rho1p) (Chant & Stowers 1995) . The intrinsic and extrinsic cues both result in local expansion of the plasma membrane and cell wall, forming, respectively, the bud and the mating projection toward the nearest partner of the opposite mating type (Chant 1996 , Roemer et al 1996 . Recently it was shown that the enzyme complex responsible for much of the cell wall synthesis at the bud site, β glucan synthase (GS), is activated by GTP-bound Rho1p (Drgonová et al 1996 , Qadota et al 1996 . The GS complex, Rho1p and actin colocalize at the tip of growing buds. Apparently, when Rho1p exchanges GDP for GTP, it binds to the inactive GS complex, activating GS and allowing synthesis and 702 FOWLER & QUATRANO second division (White & Strome 1996) (Figure 1f ). The 90
• rotation depends on actin and microtubules positioned between the centrosome and the actinenriched cortical site, and also on an actin-capping protein (Waddle et al 1994) . Both actin and actin-capping proteins are components of the dynactin complex, which is known to bind to the microtubule motor protein dynein and could provide the cortex-anchored motor for movement of the spindle apparatus. Several genes have been identified that mutate to cause defects in the asymmetry and orientation of these first divisions. par-1, a par (partition-defective) gene, encodes a serine/threonine kinase that may be part of the signaling relays in the asymmetric cell division (Guo & Kemphues 1995) . An interaction between the non-kinase domain of PAR-1 and a non-muscle myosin II heavy chain (nmmII ) is required for establishing the localized cortical site, as injection of nmmII anti-sense RNA into ovaries of adult worms causes mislocalization of the PAR-1, PAR-2, and PAR-3 proteins, as well as embryonic partitioning defects (Guo & Kemphues 1996) . A similar myosin is involved in the asymmetrical budding division of S. cerevisiae (Jansen et al 1996) , suggesting that myosins may have a conserved role in generating cellular asymmetry in many organisms. Thus as an alternative to the extracellular functions already described in yeast and mammalian cells, a cortical domain may influence morphogenesis through signaling and anchoring cytoplasmic processes, e.g. the cell division apparatus in C. elegans.
Neuroblasts of the developing ectoderm of Drosophila melanogaster also undergo an asymmetric division that results in a smaller, basal ganglion mother cell (GMC) and a larger, apical neuroblast, both of which express different sets of genes (Doe 1996 , Lin & Schagat 1997 . Prior to the asymmetric division, one centrosome migrates 180
• to the basal cortex, whereas the other remains anchored at the apical pole, resulting in a spindle aligned along the A-P axis . Localized in the basal cortex and partitioned into the GMC are the homeodomain protein Prospero, a transcription factor that controls GMC-specific gene expression, and the membrane-associated protein Numb, required to specify the cell fate of the GMC (Knoblich et al 1995 . Inscuteable is a novel protein that presumably plays a role in anchoring the apical centrosome, thus resulting in a vertical spindle axis in ectodermal cells. If Inscuteable is absent, spindle orientation in neuroblasts is random; furthermore, Inscuteable is also required for the proper basal localization of Prospero and Numb. Inscuteable contains both SH3-binding and ankyrin domains, and it is transiently localized to the apical cell cortex (Kraut & Campos-Ortega 1996) . This localization requires actin microfilaments; however, the cytoskeletal basis by which Inscuteable anchors the centrosome at the apical cortical site in neuroblasts is unknown. Nonetheless, it is clear that mechanisms controlling the orientation of cytokinesis, resulting in daughter cells with different fates, are similar, whether one examines neuroblasts in D. melangaster or embryonic divisions in C. elegans (Lin & Schagat 1997) .
In view of these results from multiple organisms, a general pattern emerges; a cortical site, identified by some internal or external cue, serves as an assembly site for a cytoskeletal complex, which then becomes anchored at that site and serves to direct local morphogenesis. To what extent can we transfer these basic conclusions to plant cells? Do interactions between the cytoskeleton, the plasma membrane and the cell wall follow similar mechanistic principles during morphogenesis in plant cells (Figure 1 )?
MORPHOGENESIS IN NONVASCULAR PLANTS
Fucus Zygotes
Zygotes of marine brown algae from the genera Fucus and Pelvetia have been used to study how external signals direct local cell expansion and the orientation of cell division (Kropf 1992 , Goodner & Quatrano 1993 , Fowler & Quatrano 1995 , Quatrano & Shaw 1997 ). Fusion of a motile sperm with a wall-less egg cell occurs in the open sea and results in the secretion of a uniform cell wall around the fertilized zygote (Quatrano 1982) . When these apolar, spherical zygotes are subjected to unilateral light, either continuously or as a pulse, during the first 10 h of development, a localized growth (the rhizoid tip) emerges from the shaded quadrant 14 h after fertilization. In the absence of light or any other orienting vector, the site of sperm entry is believed to become the location of polar growth (Knapp 1931) . Several hours after rhizoid emergence, the zygote divides asymmetrically; nuclear rotation preceding the division results in a division plane that is oriented perpendicular to the light or rhizoid/growth axis (Kropf 1994) . This first division partitions asymmetrically distributed cytoplasmic and cell wall components, established in the zygote, into two morphologically distinct daughters, the rhizoid and thallus cells (Figure 2 ). The smaller, elongated rhizoid cell continues to expand by tip growth, dividing only a few more times, always asymmetrically, with the smaller cell at the elongating tip. The resulting rhizoid filament attaches the free-living embryo to the substratum and morphologically resembles the suspensor of higher plant embryos (Goldberg et al 1994) . The spherical thallus cell, however, divides continually and symmetrically, without nuclear rotation, to form a globular embryo, similar to the proembryo of higher plants. Current models to explain these events suggest that the directional light signal imposed on the Fucus zygote establishes a cortical site to which the secretory apparatus is redirected (Figure 2a, b) from its initial symmetrical distribution (for the formation of a uniform cell wall following fertilization, see Figure 1a ) to an Figure 2 Stages in the establishment of a polar axis and oriented division in brown algal zygotes. Zygotes are oriented relative to a unilateral light gradient originating from the top of the page. (a) The light gradient is translated into a cortical asymmetry by the actin-dependent translocation of plasma membrane molecules (e.g. ion channels/dihydropyridine (DHP) receptors) to the shaded quadrant of the zygote. Initially, this cortical asymmetry is labile and can be repositioned by altering the incident light vector. (b) The colocalization of molecules (e.g. F-actin, high levels of Ca 2+ ) with the plasma membrane asymmetry generates a locally specialized cortical domain; this leads to targeted secretion of a specific population of Golgi vesicles at the cortical site, depositing their contents (solid circle) into the plasma membrane and cell wall. This event stabilizes the plasma membrane asymmetries, forming the fixed site for polar growth. (c) The fixed asymmetry in the plasma membrane and cell wall at the emerging tip continues to direct actin-mediated vesicle secretion to the rhizoid wall. The cortical domain also signals inward to orient the asymmetric division plane, perhaps interacting with microtubules to alter spindle orientation through centrosome rotation (see Figure 3a) . Cell wall/membrane molecules, locally deposited by targeted secretion, also appear to affect the determination of rhizoid and thallus traits of the daughter cells (see Figure 3b ). asymmetrical distribution (oriented toward the site of polar growth; Figure 1d ) (Quatrano 1982) . Polar secretion continues to be oriented toward the rhizoid tip throughout development; however, additional cortical sites may be established in the zygote, as well as in the thallus and rhizoid cells, that will serve to orient the cell division apparatus and to direct the vesicle transport and fusion required for cytokinesis and cell plate formation (Figure 2c ). The asymmetries in the zygote that are partitioned into separate daughter cells include not only structural components, but also factors that may influence the cell fate of the resulting daughter cells , Brownlee & Berger 1995 . In Fucus, what is known about the cortical sites that stabilize the initial light-directed asymmetry and direct vesicle transport for localized expansion and cytokinesis? What are the developmental consequences of partitioning of these asymmetries? THE CORTICAL SITE FOR POLAR GROWTH Interactions between actin microfilaments (MFs) and the plasma membrane appear to help transmit the directional light signal that reorients polar growth of the rhizoid from the site of sperm entry to the shaded side of the light gradient. UV/blue light photoreceptors, which are randomly spaced within a cortical layer parallel to the surface (Jaffe 1958) , perceive the light gradient and apparently transmit a signal that stimulates redox chains in the plasma membrane of the shaded quadrant , Robinson 1996b . Temporary disruption of MFs by cytochalasin B (CB) during the orienting light treatment does not prevent subsequent polar growth, but does cause rhizoids to exhibit a random orientation relative to the light gradient, i.e. the growth axis is not oriented by light (Quatrano 1973) . MFs could play a role in stabilizing the localization of the photoreceptors, or in localizing other components in response to the photoreceptor signal, and when disrupted with CB, the perception and/or the transmission of the signal is blocked. Interference with the alignment of the axis relative to light has been also reported in Pelvetia when zygotes are grown in calcium-free sea water or treated with inhibitors of Ca 2+ or calmodulin function (Robinson 1996a) . Under certain treatments that alter intracellular Ca 2+ gradients, the axis is aligned normally (i.e. parallel to the light axis), but surprisingly, with reversed polarity (i.e. the rhizoid is formed within the lighted quadrant, not the shaded one). This supports the observation in moss (see below) that establishment of the developmental axis is composed of two steps: alignment of the axis of symmetry relative to light and the formation of the axis polarity . Although the interpretation of the data in Pelvetia is not yet clear, the results suggest that during orientation by an external cue, MFs and a calmodulin-regulated Ca 2+ signaling pathway play a key role in the perception and/or transmission of the signal to a local cortical site.
Because alignment of the growth axis can be reversed using light from a different direction up to several hours before rhizoid emergence, any asymmetry related to this alignment process should also be reversible. Reversibility has been demonstrated for two plasma membrane asymmetries, which are among the earliest to be localized in the shaded quadrant: an inward transmembrane current (carried in part by Ca 2+ ions) (Nuccitelli 1978) , and dihydropyridine (DHP) receptors (which bind the fluorescent probe FL-DHP in vivo) (Figure 2a ) (Shaw & Quatrano 1996a) . Associated with the localization of these membrane asymmetries is a local increase in free calcium (Robinson & Jaffe 1975 , Berger & Brownlee 1993 , Shaw & Quatrano 1996a , although the exact timing of these events relative to one another is not clear. Both asymmetries can be relocated to the opposite quadrant when the light is reversed 180
• (Nuccitelli 1978 , Shaw & Quatrano 1996a , and the localization of both can be prevented by CB treatment (Brawley & Robinson 1985 , Shaw & Quatrano 1996a ). Fluorescent-DHP, which binds Ca 2+ channels in mammalian cells (Knaus et al 1992) , is a vital dye in Fucus and allows easy monitoring, in living cells, of the upstream events in the response pathway, i.e. the reversible plasma membrane asymmetry that is likely an early intermediate between perception of the unilateral light gradient and the established cortical site directing polarized growth (Figure 2a ). With this assay, one can also test if different vectors (e.g. gravity, electric fields, ion gradients) that are known to align the axis (Robinson & McCaig 1980 ) also cause localization of DHP receptors. Do all external gradients initially result in the asymmetrical distribution of DHP receptors within the plasma membrane or, conversely, are there several parallel signaling pathways of which only one (the light-induced pathway) directs DHP receptor localization?
The cortical site for future polar growth includes not only DHP receptors, membrane domains that direct ion flow inward, and higher levels of free Ca 2+ , but also a patch of actin MFs (Brawley & Robinson 1985 , Kropf et al 1989 . This cortical complex, whose components accumulate several hours before polar growth, is the target site for directed secretion of Golgi-derived vesicles, possibly triggered by the local cortical environment (e.g. low pH, high Ca 2+ , MFs) (Figure 2b ). The local secretion is assayed by the appearance of the highly sulfated fucan polysaccharide fucoidan (F2) in the cell wall and occurs with the same kinetics in a population as does the final alignment, or fixation, of the growth axis (Shaw & Quatrano 1996b) . Fixation occurs when the growth axis is no longer reversible upon reorientation of the incident light vector. Axis fixation is dependent upon this secretory event because treatment with brefeldin A (BFA), a selective inhibitor of Golgi-mediated secretion in plants (Yasuhara et al 1995) , allows zygotes to continue to respond to changes in the direction of orienting light (Shaw & Quatrano 1996b) . MFs and a cell wall are also necessary for fixation (Quatrano 1973 , Kropf et al 1988 . Because DHP receptors and the actin patch are still localized in the presence of BFA, i.e. the target site is established in the absence of polarized secretion, the critical event for final alignment of the axis is secretion. In view of these results, the requirements of an actin cytoskeleton and the cell wall for axis fixation are likely related to their essential roles in the secretion process. That is, in the absence of MFs, secretory vesicles are not directed to the target site, and in the absence of the cell wall, the vesicle contents are not assembled extracellularly. Formation at the growth site of an axis-stabilizing complex (ASC), which includes at least the actin cytoskeleton, the cell wall and transmembrane proteins that link the two, has been proposed; it would function to prevent relocation of the assembled plasma membrane complex, i.e. the target site. F2 and at least one protein that binds F2 (and cross-reacts with an antibody to the heparin-binding domain of human vitronectin) are secreted components of the cell wall at the growth site (C Taylor, L Brian, S Gerttula & RS Quatrano, unpublished results). Similar epitopes have been reported in onion cells, and on that basis, the presence of adhesion sites similar to the ASC has been postulated in higher plants (Gens et al 1996) . The localized secretion of F2 and associated proteins makes the cell wall highly asymmetric, at least with respect to F2 and its binding protein(s). However, there is no direct evidence for a physical link between the actin network and the cell wall at the time when the axis will no longer respond to reorienting incident light.
The cortical site for localized cell wall expansion, which occurs at 14 h, is probably first identified by the sperm entry mark, but can be relocalized by vectors such as light. All surfaces seem capable of becoming the site, and no site appears predetermined during oogenesis. As development continues and the zygote monitors external vectors, the labile site appears to assemble a complex composed of different components (e.g. DHP receptors, F-actin), or of modified forms of the initial components. Regardless of the mechanism by which the secretion target complex is formed, directed secretion at about 10 h after fertilization (i.e. at fixation) anchors or stabilizes that complex at its current cortical site. Further changes to this fixed site amplify the asymmetry and lead to polar growth. Hence, a progression of changes in the complex occur at the designated (either fixed or labile) site (Figure 2 ), ultimately leading to polarized growth.
Similar asymmetric cortical assemblages have been characterized in yeast (the bud site) and mammalian cells (focal adhesions) during cell morphogenesis, as described above. Although their specific components are different, certain similarities exist in the recruitment process, e.g. the involvement of small GTPases (Bussey 1996) . Preliminary results indicate that a rac-like GTPase from Fucus can interact with certain signaling intermediates (e.g. STE20p) in the bud formation pathway in yeast, suggesting that homologous pathways operate in cortical complexes in the two organisms (JE Fowler, G Lu & RS Quatrano, unpublished results) . Furthermore, the localization of glucan synthase (GS) at the tip of the emerging yeast bud (see above) and the requirement for new cell wall synthesis during rhizoid elongation in Fucus suggest that a carbohydrate (e.g. alginate, cellulose) synthase is also localized in the emerging rhizoid. Other possible candidate gene products of the cortical Fucus complex include components of the Exocyst, a bud tip-localized complex of seven proteins that are specifically required for exocytosis in yeast (TerBush et al 1996) .
ALIGNMENT OF THE DIVISION PLANE The first zygotic division, and all subsequent rhizoid cell divisions, are asymmetric, with the division plane oriented Annu. Rev. Cell. Dev. Biol. 1997.13:697-743 perpendicularly to the growth axis. Spindle orientation in Fucus is determined by the position of the centrosomes, which are paternally inherited (Kropf 1994) . The centrosomes are positioned on opposite sides of the nucleus at the time of polar growth and exhibit no specific alignment to the initial polar outgrowth. Soon after, the nucleus and centrosomes rotate, so that the spindle becomes aligned along the growth axis. During rotation, the centrosomes become the major microtubule (MT) nucleating centers from which MTs extend into the elongating rhizoid (Figure 2c ). Upon plasmolysis, this tip-most region of the elongating rhizoid exhibits adhesions between its wall and membrane (Henry et al 1996 . Such cortical complexes may serve to anchor appropriately positioned MT motors or MT depolymerization factors to exert the necessary force for rotation. Thus the rhizoid cell and its descendants have a pattern of division similar to that of the P1 cell and its lineage in C. elegans embryos, and a cortical site-associated centrosome rotation occurs in both organisms (see above). Misaligned spindles and skewed division planes can be observed when CB is added to either system, indicating a role for actin microfilaments in the rotation/alignment. Given the possible role of actin-capping protein and a dynactin complex localized at a cortical site in C. elegans (see above), similar molecules may be operative in Fucus. The idea that the Fucus cell wall is part of a structural complex involved in nuclear rotation is supported by the observation that if polar secretion is perturbed, the subsequent cell division is not aligned correctly (Shaw & Quatrano 1996b) . A pulse treatment with BFA blocks secretion, but does not interfere with progression of the developmental cycle including cell division; under these conditions, division planes are not aligned with respect to the light vector. Removal of BFA, followed by resumption of normal secretion to the target site, results in proper alignment of subsequent division planes, i.e. perpendicular to the growth axis in rhizoid cells and perpendicular to the cell plate of the first division (regardless of its orientation to the growth axis) in thallus cells. These results have led to the speculation that positional information is relayed to the nucleus from the structural complex at the tip of the rhizoid, perhaps to control nuclear rotation (Figure 3a ). It appears that the earlier secretory event necessary for axis fixation and formation of the putative ASC provides a mark at the growth site critical for proper alignment of the division plane. Interestingly, if the misaligned division plane happens to intersect the secretion target site (i.e. the actin patch/DHP receptor complex), upon BFA removal each daughter cell forms a rhizoid tip, and later twinned rhizoid cells result from an asymmetric division in both daughters (Shaw & Quatrano 1996b) . Presumably, cleavage of the target site by the cell plate creates two target sites for secretion, one in each daughter. Although these results clearly indicate that alignment of the initial division plane is important for normal morphogenesis, the alignment and polarity a b Figure 3 Diagram of the asymmetries in the rhizoid plasma membrane and cell wall of Fucus.
The arrows designate putative positional signals that appear to regulate the orientation of the first division plane of the zygote (a), as well as to influence the expression of rhizoid-specific traits (b). These persisting asymmetries were originally established by targeted secretion to a defined cortical domain (rectangle), as shown in Figure 2b .
of the embryonic axis is unaffected, i.e. both rhizoids form from the shaded side of the light gradient. Hence, "the establishment of zygotic cell polarity and not the position of the first division plane is critical for the formation of the initial embryonic pattern in Fucus" (Shaw & Quatrano 1996b ).
DEVELOPMENTAL CONSEQUENCES OF DIVISION PLANE ORIENTATION Although the polarity of the two-celled embryo is not affected by a misplaced division plane, segregation of the polarized cytoplasm of the zygote is altered. Does the misplaced division plane affect the subsequent localization of specific macromolecules? Once the polar axis is fixed, most of the zygotic mRNA localizes to the thallus pole prior to cell division (Bouget et al 1995) . Actin mRNA is then selectively localized to the planes of the first and second asymmetric divisions of the rhizoid, where it colocalizes with high concentrations of F-actin (Bouget et al 1996) . It would be interesting to determine the distribution pattern of total mRNA and actin mRNA when the division plane is misaligned after BFA treatment. Given previous results, one could predict that total mRNA would accumulate at the thallus end of the polar axis by a process that relies not on the plane of cell division, but rather on the growth axis of the zygote, as defined by the localized cortical asymmetry. Conversely, actin mRNA would be targeted to the site of the first cell plate regardless of its orientation and independent of the growth axis. The asymmetric cell division in Fucus preserves the asymmetry in the zygote cell wall, resulting in a two-celled embryo in which each cell has a distinct type of cell wall: The rhizoid cell wall contains F2 and its binding protein(s), whereas the thallus cell wall does not ( Figure 2c ). Hence, cell wall asymmetries are established in the zygote and are partitioned into the two-celled embryo by a properly oriented cell division at a time when rhizoid and thallus cell characteristics are being expressed. have elegantly demonstrated that at the two-celled stage, the cell walls derived from the rhizoid and thallus cells each have the potential to confer and maintain rhizoid and thallus-like properties on protoplasts from which the cell wall has been removed by laser microsurgery. When the rhizoid or thallus cell of a two-celled embryo is ablated, but the wall of the ablated cell not completely removed, the remaining thallus or rhizoid cell initially maintains its polarity and unique cell-type characteristics. However, if after division a new daughter cell makes contact with the free cell wall of the ablated cell, it (and its daughters) adopt traits characteristic of the cell type from which the wall was derived, i.e. they switch cell fates. For example, when thallus cells come in contact with rhizoid walls, they lose their thallus characteristics and become rhizoid-like. Thus if the rhizoid or thallus protoplast comes in contact with a wall different from its original wall, it develops cell-type characteristics apparently specified by the wall contacted.
These results support earlier work indicating that the cell wall is required to maintain a stable polarity (Kropf et al 1988) , but extend it to include the observation that the asymmetry in the wall of the two-celled embryo is essential to establish and maintain rhizoid-and thallus-like characteristics ( Figure 3b ). Furthermore, these results suggest that asymmetries fixed in the cell wall signal positional information to the cytoplasm that is crucial for subsequent development. Certain cell wall components (e.g. elicitors) are known to have signaling functions (John et al 1997) , and such molecules are currently being sought in the Fucus cell wall. Thus the partitioning of localized fate determinants (Figure 1f , h) does appear to play a role in embryogenesis in Fucus, analogous to the mechanism employed in D. melangaster neuroblasts. In both organisms, a cortical site, determined by the cell's polarity, is responsible for localization of the determinants. However, in D. melangaster, the fate determinants (Prospero and Numb) are in the cytoplasm, apparently anchored to the plasma membrane at the cortical site; in contrast, determinants in Fucus are secreted into the rhizoid cell wall, with the cortical target site serving to direct that secretion ( Figure 2c , Figure 3b ).
Tip Growth in Moss and Asymmetric Division in Volvox
Two other nonvascular plant models allow the identification of genes involved in specific morphogenetic processes through mutational analysis. Recent work with regenerating protoplasts of the moss Ceratodon purpureus indicates that growth of the resulting protonemal filament, which exhibits many of the same properties as the Fucus rhizoid, can be oriented by unilateral light . However, it appears that alignment of the axis of symmetry is established independently of the polarity of that axis, i.e. localized expansion can be established at either end of the axis. Furthermore, distinct photoreceptors are probably involved in the two processes: Gradients of red light have a greater effect on the alignment of the axis of symmetry, whereas axis polarity is more sensitive to gradients of white or blue light . Processes that establish the directionality of protoplast regeneration (and consequently the position of the localized expansion) can be dissected by genetic means in moss , and attempts to isolate mutants in these directed responses are underway. A mutant in C. purpureus with a related phenotype is wrong way response (wwr), in which the tip-growing apical cell responds inappropriately to a gravitational signal by growing toward gravity rather than away from it (Wagner et al 1997) . Moss is an attractive system in which to characterize the role of specific genes (e.g. wwr) in the signaling pathway from an extracellular cue to a localized growth site because there is a high frequency of homologous recombination between transforming and genomic DNA (Kammerer & Cove 1996 , Schaefer & Zyrd 1997 , which provides the possibility for targeted gene knockouts and allele replacement .
During development of the gonidial embryo of the green alga Volvox carteri into an adult, cells at the anterior end undergo an asymmetric division, establishing large gonidial and smaller somatic initials, which eventually produce differentiated gonidia and somatic cells (Kirk 1995) . The orientation of a cytoskeletal, membrane-associated division complex at the end of each division cycle may play an important role in defining the (symmetric or asymmetric) division plane in the next cycle (Kirk 1995) . In V. carteri, a genetic approach to this problem is assisted by the use of the Jordan transposable element (Miller et al 1993) , and several classes of interesting mutants have already been identified. For example, the gls mutants, which lack gonidial structures, result in the absence of all asymmetric divisions, potentially identifying genes that interact with the division apparatus. In a complementary approach, Algal-CAM, the first plant protein identified with homology to fasciclin I (an adhesion molecule present on D. melangaster nerve cell surfaces), was isolated by testing monoclonal antibodies (mAbs) for effects on V. carteri development (Huber & Sumper 1994) . Algal-CAM localizes to cell-cell contacts in the embryo, and intercellular adhesion is inhibited by incubation of the Algal-CAM mAb with embryos, leading to extreme defects in morphogenesis. Algal CAM's homology to fasciclin, coupled with its extensin-like domains (which are characteristic of plant cell wall proteins), suggest that Algal-CAM plays an important role at the membrane/cell wall interface. Hence, the identification of important genes in easily manipulable systems, such as moss and V. carteri, may identify targets for study in the more complex higher plants.
MORPHOGENESIS IN VASCULAR PLANTS
Spatial Regulation of Cell Wall Expansion
Plants control form in part by altering cell expansion patterns after cells have divided (Figure 1a-d ). Localized expansion in higher plants, in yeast, and in Fucus may all be analogous in that, first, a cortical site is chosen, which serves to direct expansion of the adjacent cell wall, and second, secretion occurs, which is necessary to modify the wall at the cortical site. In addition, several cellular components (e.g. the cytoskeleton) that play important roles in localized wall expansion may also be important for other wall expansion processes. Thus models proposed for localized expansion may, with some adjustment, be relevant to symmetrical or regional expansion (Figure 1a-c) , covered in depth in other reviews (Cyr 1994; D Cosgrove, this volume) .
Such models may also be applicable to the modification of cell walls by certain plant cells to produce specialized, physiologically functional structures. For example, transfer cells contain an apparatus of extensive finger-like wall ingrowths and associated membranes, often asymmetrically assembled on the inner face of an initially unspecialized cell wall (Davis et al 1990) . The maize BET1 gene encodes a 7-kDa cell wall-associated protein that is expressed only in the subset of endosperm cells that differentiate into transfer cells, and only during the period of active wall ingrowth (Hueros et al 1995) . In a related example, more than 70 mutations have been identified as necessary for formation of the Arabidopsis thaliana trichome (a morphologically specialized hair that develops from single cells in the epidermis) (Hülskamp et al 1994) . A preliminary report suggests that the STALKLESS gene, which is necessary for full trichome expansion and branching, encodes a member of the kinesin motor protein family (Oppenheimer & Marks 1995) . Either BET1 or some of the trichome genes might signal or interact with the cytoskeleton to position the wall synthesis machinery at specific cortical sites.
However, the best-studied examples of localized wall expansion are tipgrowing cells. Tip growth results from the secretion and deposition of cell wall and membrane material at a single site, known as the tip or apex (Figure 1d ). The cell grows only in the region defined by the tip, and directional transport of the materials needed for growth is crucial to its expansion. Do any of the similarities between tip growth in higher plants and polarized growth at the rhizoid tip in Fucus (Figure 2 ) or the bud site in S. cerevisiae (analogous mechanisms) involve homologous molecules? Are there localized complexes that connect the plant cell wall and the plasma membrane at the cell tip, reminiscent of the focal adhesion complexes that connect to the ECM in mammalian cells? POLLEN TUBES Pollen tubes, whose growth is oriented by extracellular signals, are perhaps the most intensively studied tip-growing cell type. After hydration on a compatible stigma, the pollen grain initiates polar growth to produce a pollen tube, which grows through the transmitting tissue to convey the two sperm cells to an ovule. The pollen tube is always extracellular with respect to the stylar cells; growth from the stigma to the ovary is either through the ECM of the transmitting tissue, or on the surface mucilage of a transmitting canal. As the tube grows, the vegetative cell (which carries the two sperm cells) is confined to the region of the tube nearest the tip by means of callose plugs periodically deposited at the tube base; this phenomenon has been described as a special case of plant cell migration (Lord & Sanders 1992) . Several recent reviews have covered many aspects of pollen development and physiology (Derksen et al 1995b , Cheung 1996 , Derksen 1996 , Faure et al 1996 , Cai et al 1997 ; we focus on results addressing how the extracellular signals are perceived by the tip, and how the tip responds intracellularly to redirect the localized growth apparatus.
Signals that orient tube growth One can imagine that during pollen tube growth, the secretory apparatus at the tip may respond to, and be influenced by, different signals as it grows through the stigma, then through the transmitting tissue of the style, and finally, within the ovary to the ovule itself (Wilhelmi & Preuss 1997) . The initial phase of interaction between pollen and stigma often involves self-incompatibility (SI) recognition and response, e.g. sporophytic SI in Brassica (Dickinson 1996) . Brassica stigma cells express two proteins, SLG and SRK, that contain a conserved extracellular glycoprotein domain and are necessary for the SI process. In addition, SRK contains transmembrane and kinase domains and is an integral membrane protein that likely interacts with a pollen ligand in the ECM to activate the SI response in the stigmatic cells (Stein et al 1996) . Could cell-cell interaction, triggered by interaction between cell wall components of the stigma (e.g. SLG and SRK) and the pollen, promote the initial localized morphogenesis of tube germination?
The mechanism that guides the tube through the transmitting tissue may be linked to properties of the tissue's specialized ECM/cell wall (Lord & Sanders 1992 , Cheung 1996 . The ECM of the transmitting tissue is enriched in various secreted molecules, such as the arabinogalactan glycoproteins (AGPs). The JIM13 monoclonal antibody, which recognizes AGP epitopes, labels the tips of both in vivo-and in vitro-grown lily pollen tubes, and also labels the surface cells of the lily transmitting tract, on which the tubes grow . These AGPs are primarily associated with vesicular and plasma membranes of the pollen tube and transmitting tract cells, but are also found in their cell walls. Interestingly, the Yariv reagent, which binds AGPs, reversibly inhibits pollen tube growth when included in the in vitro growth medium, and reduces seed set when applied to styles. In vitro, pollen tubes in the presence of Yariv reagent exhibit a swollen tip morphology, as well as abnormal patterns of callose deposition along the tube wall. These effects are likely due to an inhibition of AGP function in the pollen tube , potentially mediating ECM adhesion events and providing signals that organize the tip morphology.
Evidence addressing the function of specific AGPs comes from studies of the tobacco transmitting tract specific (TTS) genes, which encode glycosylated members of the AGP family that are localized throughout the ECM of the tobacco transmitting tissue (Wang et al 1993 . Purified TTS proteins stimulate pollen tube growth in vitro, and attract tubes in a semi in vivo culture system, in which tubes grow from the bottom of a cut, pollinated style . Chemically deglycosylated TTS does not stimulate or attract tube growth, indicating that glycosylation is crucial for these activities. Glycosylation is potentially of great importance in vivo, because within normal tobacco styles, TTS proteins are arranged in a glycosylation gradient from top to bottom, with the more highly glycosylated forms at the bottom of the style, the direction toward which tubes elongate . Moreover, TTS proteins are deglycosylated by an activity closely associated with the tube. Finally, plants with decreased TTS protein levels (due to expression of anti-sense mRNA in transformed plants) show reduced female fertility, likely from an observed defect in pollen tube growth rate . The deglycosylation of TTS may provide nutrients to the tube, and thus increase its growth rate . Furthermore, the tube-attracting activity of TTS and the gradient of low-to-high TTS glycosylation along the style provide an attractive model to explain tube guidance toward the bottom of the style , Cheung 1996 . Interestingly, TTS proteins adhere preferentially to tube tips, and tubes incorporate TTS proteins from their surroundings into their cell walls . These data lead one to suspect that direct association of TTS with the tube wall or plasma membrane signals the vegetative cell cytoplasm, perhaps to position the tube's growth site (Cheung 1996) . It would be interesting to know the localization of the deglycosylation activity: Is it localized at the tube tip, affixed to the tube wall or in the plasma membrane?
Genetic evidence supports the notion that the signaling mechanism guiding the tube down the style is distinct from the mechanism guiding the tip from the transmitting tract to the ovule (Hülskamp et al 1995) . Genetically eliminating the ovule (sporophyte) and/or the egg sac (gametophyte) using a mutation in any of four A. thaliana genes (bel1, sin1, 47H4, and 54D12) produces a similar phenotypic effect on pollen tube growth in vivo: wild-type pollen tubes enter and follow the transmitting tissue normally, but fail to grow toward the ovule. Upon exiting from the transmitting tract, pollen tubes grow in random directions in the ovary rather than directly toward the presumptive egg sac position. Thus a functional female gametophyte appears necessary to orient the final phases of tube growth, and the ovule's orienting activity affects the pollen tube at a distance, perhaps through a chemotropic mechanism (Hülskamp et al 1995) . Two other A. thaliana mutations, pop2 (recessive) and pop3 (dominant), may be in genes that play redundant roles in the transmitting tract-to-ovule guidance process; plants that harbor both pop mutations are self-sterile. In such plants, pollen tubes behave similarly to those in the defective ovule mutants in that they migrate randomly in the ovary, although the pop2/pop3 ovule and egg sac appear normal (Wilhelmi & Preuss 1996) . Interestingly, unless the mutations are present in both the male and female parent, the tube grows normally; the authors speculate that the pop mutations may affect the presence of adhesion molecules that are capable of guiding the tube correctly when present on the surface of either the tube or the sporophytic cells (Wilhelmi & Preuss 1996) . Growth of the yeast mating projection is oriented by the chemotropic response to pheromone (Roemer et al 1996) ; perhaps pop mutants identify genes involved in generating and/or transmitting the putative chemotropic signal(s) originating in the ovule.
The pollen tip cortical domain: Ca
2+ and the cytoskeleton Signals from the female tissue that guide pollen tube growth must traverse the plasma membrane by an as-yet-undefined mechanism. However, that mechanism would likely induce changes in the cortical region within the tube tip, and thus define the site of tip growth and growth orientation. The tube tip is characterized by a specific organelle zonation, specialized to provide secretory and growth functions, and is not unlike other tip-growing cells, e.g. the Fucus rhizoid. A cone-shaped clear zone (CZ) extends back from the tube apex for a distance of approximately one to two times the tube diameter and is filled with vesicles. Larger organelles, e.g. mitochondria, and cytoplasmic streaming, which occurs in a reverse fountain pattern (toward the tip along the tube sides and away from the tip through the center), are excluded from the CZ and limited to the tube proper. Both intracellular calcium and the actin cytoskeleton (Derksen et al 1995b , Feijó et al 1995 , Hepler 1997 appear to play a role in the direction of tip growth and in the organization of the tube cytoplasm, but the relationship between the two and of each to extracellular signals is still cloudy. Do the cortical Ca 2+ and actin cytoskeleton perform similar functions in the pollen tube and the Fucus zygote (Figure 2) ?
The presence of a steep cortical Ca 2+ gradient, most concentrated at the apex, has been confirmed in the in vitro-grown pollen tubes of several species, using microinjected fluorescent indicator dyes (Feijó et al 1995 , Hepler 1997 .
Furthermore, dissipation of the gradient either by injection of BAPTA-type calcium buffers (Pierson et al 1994) or by treatment with the Ca 2+ channel blocker La 3+ causes growth of the pollen tube to cease. The normal fluctuations that occur in the growth rate of cultured tubes correlate quite closely with fluctuations in [Ca 2+ ] at the tip: higher [Ca 2+ ] appears to precede an increased growth rate by a small margin (Pierson et al 1996) . Thus high Ca 2+ levels at the tube tip are necessary for continued growth and may influence growth rate. Moreover, several lines of evidence indicate that the site of highest [Ca 2+ ] defines the site of tip growth and thus the growth orientation (similar to the rhizoid growth site in Fucus; Figure 2b ). When tube growth is disrupted by caffeine or by a mild temperature shock, the Ca 2+ gradient is also dissipated; the tube recovers by undergoing an initial symmetric expansion, followed by normal, directed tip growth at a site predicted by a re-established Ca 2+ gradient (Pierson et al 1996) . So-called undulating pollen tubes, which appear occasionally in culture, show highly repetitive switching between leftoriented growth and right-oriented growth; in such tubes, the tip-high gradient also changes position from side to side in a manner that precedes the directional change in growth (Malhó & Trewavas 1996) . Finally, experimental manipulation of the gradient, by localized photoactivation of either caged Ca 2+ or a caged Ca 2+ chelator, can control the future direction of tube growth, thus providing convincing evidence that a localized high [Ca 2+ ] at the CZ cortex is sufficient to control growth orientation (Malhó & Trewavas 1996) . Importantly, localized photoactivation of caged Ca 2+ in the tube proper (away from the CZ) does not reorient growth to that site (Malhó & Trewavas 1996) ; this suggests that the CZ and/or its cortex, in contrast to other regions of the tube, are specialized to respond to the Ca 2+ gradient. Localization of Ca 2+ influx to the pollen tube tip led to the original hypothesis of an intracellular tip-associated gradient and suggests that Ca 2+ channel activity is also localized. High-resolution ratiometric dye imaging indicates that the region of high [Ca 2+ ], and thus the area of Ca 2+ entry into the tip, is very limited; the patch of plasma membrane at the apex through which Ca 2+ enters is estimated at 2.5 µm in diameter in the ≈15 µm diameter lily pollen tube (Pierson et al 1996) . The existence of calcium channels in the tip is supported by a close correlation between the presence and location of an extracellular tip-directed influx of Ca 2+ and the intracellular Ca 2+ gradient (Pierson et al 1994) and also by the ability of extracellular Mn 2+ (which can pass through most calcium channels) to enter preferentially at the tip . The tip-localized activity of the channels correlates with the presence or absence of the Ca 2+ gradient, suggesting that channel activity is a factor in regulating the gradient . Localized calcium channel activity is a conserved feature of tip-growing cells, e.g. in root hairs (Hermann & Felle 717 1995) , in fungal hyphae (Garill et al 1992) , and in Fucus rhizoids . Several models could account for localized calcium channel activity, including (a) localized stretch-activation of channels at sites of cell expansion (i.e. the region of vesicle secretion at the tube tip) (Pierson et al 1996) ; (b) preferential inactivation of channels displaced from the tip via endocytosis (Derksen et al 1995a , Derksen 1996 ; or (c) anchoring of active channels in the tip region, or exclusion of active channels from non-tip regions, possibly by means of a cytoskeletal network (Cai et al 1997) . These models are not mutually exclusive, and some bear similarity to the putative ASC in Fucus rhizoid tips (Figure 2) . However, any explanation must take into account the ability of the pollen tube to homeostatically regulate its Ca 2+ gradient (Malhó & Trewavas 1996) , rapidly change its direction of growth, and respond to external, orienting signals. Imposition of a local external Ca 2+ gradient near the tip influences the internal Ca 2+ gradient and growth orientation, suggesting that such a gradient in the pistil ECM could serve to guide tube growth in vivo (Malhó & Trewavas 1996) . Although high concentrations of Ca 2+ have been detected near ovules (Chaubal & Reger 1990 ), further work is needed to address this possibility.
The existence of an organized cytoskeletal framework in the extreme tip of the tube is currently a matter of some debate (Derksen 1996 , Cai et al 1997 . Until recently, most reports indicated the presence of an actin MF network at the tube apex (Pierson & Cresti 1992 , Derksen et al 1995b . However, new data, using more advanced techniques, call these results into question (Lancelle & Hepler 1992 . Furthermore, fixation techniques used in earlier work do not preserve the CZ zonation, supporting the argument for exclusion of MFs from the CZ and tube tip (Doris & Steer 1996) . In any case, cytoskeletal organization at the apex is clearly different from that at the cortex of the tube proper, which contains characteristic polarized arrays of MTs and MFs, hypothesized to aid in cytoplasmic streaming and other tip-directed movement processes (Lancelle & Hepler 1992 , Derksen et al 1995b , Cai et al 1997 . The cortical cytoskeletal arrays in the tube proper terminate as they approach the CZ, and MTs and MFs that have been observed in the CZ apparently are not organized at the cortex in a specific array (Lancelle & Hepler 1992 , Cai et al 1993 . Cytochalasins have long been known to disrupt tube growth, cytoplasmic streaming, and organelle movement-almost certainly by their disruption of an actomyosin network in the tube proper (Cai et al 1997) . Some in vivo evidence also points to a necessary function for MTs in tube growth (Joos et al 1995) , perhaps for maintaining the cytoplasm and the generative cells near the tube tip, and the vacuole near the tube base (Joos et al 1994) .
Several proteins putatively associated with the cortical cytoskeleton in pollen tubes have been identified. Homologues of motor proteins in the myosin, kinesin, and dynein families, which may function in organelle movement, have been described (Cai et al 1996b , Asada & Collings 1997 ). An animal centrosome-related antigen, possibly associated with cortical MTs and MTOC activity, has been localized to the cortex and is associated with plasma membranes (Cai et al 1996a) . Perhaps most interesting is the localization of Rop protein antigens to the plasma membrane at and near the pea tube apex (Lin et al 1996) ; Rop genes make up a plant-specific multigene branch of the rac/rho/Cdc42p family of GTPases (Yang & Watson 1993 . GTPases of the rac family regulate the organization of the actin cytoskeleton in yeasts, mammalian tissue culture cells, and D. melangaster (Tapon & Hall 1997) ; thus the localized Rop protein(s) could play a crucial role in determining the distribution of MFs at and near the pollen tip (Lin et al 1996) . Future experiments are needed to determine the roles of these putative cytoskeletonassociated proteins and whether they influence or respond to the position of the pollen tip growth site.
Function of the tip growth site
The most conspicuous function of the growth site at the tube apex is to serve as a region for fusion of secretory vesicles to the plasma membrane, thus providing material for the deposition of new cell wall and plasma membrane. However, the growth site is also likely to convey information, providing a focal point around which the rest of the cell organizes its characteristic zonation and cytoskeletal distribution.
The CZ cytoplasm adjacent to the tube apex is packed with vesicles that are transported to the CZ via cytoplasmic streaming (Lancelle & Hepler 1992 , Battey & Blackbourne 1993 , Derksen et al 1995a . In contrast to the vesicles at the cortex of the tube proper, those in the CZ move randomly (Pierson et al 1990) , perhaps because they lack an associated cytoskeletal network. The mechanism by which the vesicles fuse with the plasma membrane, and by which fusion is restricted to the apex, is unknown. Speculation has focused on a possible role for the Ca 2+ gradient itself in regulating the docking and/or fusion of the vesicles to the plasma membrane through Ca 2+ -binding proteins (Battey & Blackbourne 1993 , Derksen et al 1995b , Malhó & Trewavas 1996 , Pierson et al 1996 . For example, annexins, which have been localized to pollen tube tips, associate with the plasma membrane in the presence of Ca 2+ , and might assist vesicle fusion (Blackbourn et al 1992 , Moss 1997 .
Other functions of the apex site are even less clear. The localized secretion may target specific molecules to the cell wall, for example, extensins (Rubinstein et al 1995) , or the molecule(s) responsible for TTS deglycosylation. AGPs secreted at the tip, or associated with the plasma membrane, may reinforce the signals that orient the Ca 2+ gradient. An intriguing report indicates that exposure of the pollen tube to the Yariv reagent not only inhibits growth but also causes a rise in [Ca 2+ ] throughout a broad region of the tube tip (Roy et al 1996) . It is unknown how the boundary between the CZ and the tube proper, and their distinct cytoskeletal arrangements, are established, stabilized, and continually modified as growth occurs. The calcium gradient appears important for correct tip zonation, as injection of BAPTA-type buffers to dissipate the gradient also disturbs the integrity of the CZ and alters the pattern of cytoplasmic streaming at the tip (Pierson et al 1994) . However, the mechanisms that connect the [Ca 2+ ]-defined cortical site to cytoplasmic organization include many possibilities: spatially regulated endocytosis (Derksen et al 1995a) , direct [Ca 2+ ] regulation of the cytoskeleton, or cytoskeleton-plasma membrane-cell wall connections.
Although integrins in animal cells can function as a transmembrane link between the cytoskeleton and the extracellular matrix (see focal adhesions above), no protein with similar sequence (that might function at the tube tip) has been found in plants. However, an A. thaliana gene, wall-associated kinase1 (WAK1), encodes a transmembrane protein that has a cytoplasmic kinase motif and an extracellular, cell wall-associated domain with similarities to the cell wall protein extensin (He et al 1996 ; BD Kohorn, personal communication); thus, WAK1 might provide an integrin-like function in plants. Also of potential relevance is the putative transmembrane complex associated with cellulose deposition. MFs, MTs, and annexins have been linked to the deposition and alignment of cellulose microfibrils, possibly through a cellulose synthase (CS) complex (Andrawis et al 1993 , Calvert et al 1996 . In addition, a plasma membrane-bound sucrose synthase may be associated with the CS complex that could channel carbon directly to the complex from sucrose via UDP-glucose . Enhanced expression of a Rac13 gene at the time of actin reorganization and the initiation of cellulose synthesis in cotton fibers may indicate a role for this small GTPase in activating CS (similar to the Rho1 activation of glucan synthase in the yeast bud; see above), and/or in regulating F-actin organization. With the isolation of a highly conserved candidate cellulose synthase gene from cotton (Pear et al 1996) , the organization and role of the components of the CS complex in wall expansion and tip growth in plants can be explored with respect to transmembrane complexes linking the cytoskeleton to the extracellular matrix (see D Cosgrove, this volume).
Thus despite important advances toward understanding the physiology of the tube apex, some connections between the identified players remain to be established. Does compromising the cytoskeleton affect the Ca 2+ gradient? Caffeine treatment causes the tube's cortical MF to redistribute into the tube center and closer to the apex and the CZ to shorten ; does dissipation of the Ca 2+ gradient cause similar effects? How does an extracellular gradient of TTS protein affect the location of the highest [Ca 2+ ] within the tip? Such questions can be addressed using the knowledge and tools currently available. For example, the report describing an effect of the Yariv reagent on tip [Ca 2+ ] implies a link between extracellular AGPs and the regulation of the Ca 2+ gradient (Roy et al 1996) . Does this treatment also affect the cytoskeleton? Are there localized DHP receptors at the growth site, as observed at the Fucus rhizoid tip? Establishing such connections with the methods at hand, and considering the analogous models from other systems (e.g. Fucus, yeast), should provide a more complete framework around which to design future experiments.
ROOT HAIRS Certain epidermal root cells initiate tip growth at a specific site on their outer cell wall, producing a tube-like extension, the root hair. A genetic approach to understanding root hair development in A. thaliana (Schiefelbein & Somerville 1990 ) is beginning to bear fruit, and it may also provide information relevant to pollen tubes and other growing cells. For example, the rhd3 mutation, originally isolated through a defect in root hair morphology, disrupts cell expansion throughout the plant and is found in a novel conserved protein with GTP-binding motifs (Wang et al 1997) . Although A. thaliana root hairs characteristically initiate from the apical end (i.e. nearest the root meristem) of epidermal cells, plants carrying the rhd6 mutation possess fewer root hairs than wild-type, and the extant hairs initiate from a more basal position than in the wild-type (Masucci & Schiefelbein 1996) . Similar defects were observed in the auxin-, ethylene-, and ABA-resistant mutant axr2 and the ethylene-resistant mutant etr1 and could be phenocopied by the application of an ethylene biosynthesis inhibitor. Further, the rhd6 mutant phenotype could be alleviated by including auxin or ACC (an ethylene precursor) in the growth medium. This implies that the rhd6 gene acts in the signaling process that identifies the site of root hair initiation (analogous to choosing the rhizoid site in Fucus; Figure 2 ) and also that the phytohormones ethylene and auxin are involved in this signaling (Masucci & Schiefelbein 1996) . As in pollen tubes and the Fucus rhizoid, Ca 2+ appears to have important roles in root hair growth; Ca 2+ influx has been detected at the tip of the A. thaliana root hair (Schiefelbein et al 1992) . Do MFs or Ca 2+ play a role not only in growth, but also in determining the root hair initiation site?
A potential link between secretion and root hair growth is provided by one of the several root hair mutants identified in maize (Wen & Schnable 1994) . A preliminary report indicates that the maize rth1 gene has homology to the S. cerevisiae SEC3 gene (T-J Wen & PS Schnable, personal communication), a subunit of the Exocyst complex that is required for secretion (TerBush et al 1996) . Is the RTH1 protein localized to a cortical site at the root hair tip, analogous to Exocyst localization at the growing yeast bud tip? A final link between pollen tubes and root hairs is revealed by the A. thaliana tip1 mutant, which exhibits defects in both root hair and pollen tube growth (Schiefelbein 
Spatial Regulation of Cell Division
Spatial regulation of division plane placement allows plants to control their morphology by altering cell division patterns (Lloyd 1995 , Smith 1996 (Figure 1e-h) . The central role of the cortical cytoskeleton in this process has long been recognized; in many plant cells the cortical microtubule (MT) preprophase band (PPB) predicts the future division site, i.e. where the new cell wall between daughters will fuse with the existing walls (Wick 1991a,b) . A band of F-actin is also present and associated with the MT PPB, but both the MT and MF bands disappear before metaphase. Thus in contrast to an animal cell, the division plane of a plant cell is not dependent on spindle orientation but rather is determined and marked cortically prior to anaphase. After anaphase, the phragmoplast, a complex array of MTs, MFs, vesicles, and membrane structures, appears between the daughter nuclei and builds the new cell wall centrifugally, such that it eventually fuses with the previously defined cortical division site (Staehelin & Hepler 1996) . The mechanisms that position the PPB and its associated cues at the cortex and those that transform the PPB-associated cues into a correctly positioned new cell wall are still unknown.
THE CORTICAL CYTOSKELETON AND THE DIVISION SITE The general framework for cell division in plants recounted above has been established through the work of many investigators (Mineyuki & Gunning 1990 , Wick 1991a , Cleary et al 1992 , Samuels et al 1995 , Staehelin & Hepler 1996 . The cortical MT and MF PPBs appear prior to the onset of mitosis but disappear before metaphase, leaving only an actin-depleted zone that remains notably free of cortical actin (relatively abundant elsewhere) in certain cells (Cleary et al 1992 , Liu & Palevitz 1992 , Cleary 1995 . Large, vacuolated cells contain a network of cytoplasmic actin filaments that persists through division and connects the spindle, and then the phragmoplast, to the cell cortex and division site (Traas et al 1987 , Lloyd & Traas 1988 . These actin filaments are called phragmosomal filaments because they are associated with the disk of cytoplasm (the phragmosome) that encompasses the nucleus and the future division plane during division in vacuolated cells (Staiger & Lloyd 1991) . The presence of an actin-depleted zone in several types of dividing cells and phragmosomal filaments in vacuolated cells indicates that the cortex at the division site retains a persistent specialization after loss of the PPBs. The B. subtilis division site is also cortically determined but is restricted to a choice between three pre-set alternate positions (one medial, two polar). Are there a limited number of sites for PPB formation, or can it form at any site on the Annu. Rev. Cell. Dev. Biol. 1997.13:697-743 plant cell cortex? The signals that position PPB formation (and the associated division site) are unknown. Nuclear migration to the center of the cell, which occurs prior to division, has been implicated as a possible determinant of PPB position in fern protonemata (Murata & Wada 1991) but not in higher plant cells (Mineyuki & Palevitz 1990 ). Actin PPB formation precedes formation of the MT PPB in cells induced to divide by wounding (Goodbody & Lloyd 1990 ), but treatment with cytochalasin does not block formation of a MT PPB; rather, it prevents narrowing of the MT PPB to a precise site (Mineyuki & Palevitz 1990 , Eleftheriou & Palevitz 1992 . Thus although actin may not be necessary in the initial phases of MT PPB formation, it has been suggested that actin plays a crucial role in the exact determination of the division site by restricting the MT PPB to a narrow ring (Mineyuki & Palevitz 1990 , Eleftheriou & Palevitz 1992 . This model provides one explanation for the observation that cytochalasin treatment leads to the misplacement of new cell walls (reviewed in Wick 1991b). However, because actin appears to be involved in several different processes during cell division, it is unclear which MF cytoskeletal array(s) is disrupted in these experiments, and thus which one(s) is crucial for positioning of the cell wall. One hypothesis to account for the positioning of the PPB to produce equal daughters in large, vacuolated cells is that a default orientation is chosen, perhaps by physical tensions between the nucleus and cell cortex exerted through connecting MTs and/or MFs, corresponding to the shortest possible path across the cell (Flanders et al 1990 , Lloyd 1991 ; however, many plant cells do not divide in this default orientation, so other mechanisms must exist to position the PPB at non-default sites. Thus current interpretations favor the notion that the division site is not restricted to one of a limited number of predetermined sites, but that any cortical site can be chosen based on interactions among the MF and MT cytoskeleton and cortical components. Several recently isolated mutations may lie in genes that are important for cortical cytoskeleton organization, including formation of the PPBs at the division site (Torres-Ruiz & Jürgens 1994 , Traas et al 1995 . Mutations in the TON1 and TON2 genes of A. thaliana (one of which is likely allelic to FASS) lead to cells of highly irregular shape. Mutant embryonic and root cells appear to divide in random orientations, rather than in the regular patterns seen in wild-type plants and are shorter than wild-type, suggesting an additional defect in cell elongation (Torres-Ruiz & Jürgens 1994 , Scheres et al 1995 , Traas et al 1995 . Plant cells mutant for either TON gene have disorganized interphase arrays of cortical MTs and never form PPBs, although MTs are associated with the cortex, and the spindles and phragmoplasts appear normal (Traas et al 1995) . Cells in plants mutant for the tangled-1 (tan-1) gene of maize also divide in abnormal orientations but, in contrast to the ton/fass mutants, appear to elongate normally . Analysis of the cytoskeleton in tan-1 cells shows that both PPB positioning and phragmoplast guidance are affected by the mutation (LG Smith & AL Cleary, personal communication) . Thus the products of these genes are likely to contribute to the normal regulation of the cortical MT cytoskeleton, and the signals that serve to position cortical MTs (and the MT PPB) may act through them.
Placement of the division site in asymmetric divisions
Stomatal complex formation involves stereotyped patterns of cell division and is a well-studied model for asymmetric divisions . The pattern begins with an asymmetric epidermal cell division, producing a smaller daughter cell that will eventually generate the stomatal guard cells. In several dicot species (e.g. A. thaliana), this initial asymmetric division is followed by one or more similar divisions (Yang & Sack 1995) . Each further asymmetric division occurs only in the smaller daughter of the previous division; eventually, a smaller daughter cell in this series, the guard mother cell (GMC), divides equally to form the two guard cells. In monocots, the smaller daughter of the initial asymmetric division is the GMC and directly produces the two guard cells. In many monocot species, small subsidiary cells (SCs) are formed by asymmetric division of subsidiary mother cells (SMCs), located laterally adjacent to the GMCs. The SMCs divide only after formation of the GMC, such that the smaller daughter (the subsidiary cell) is adjacent to the GMC. Thus the division asymmetry of the SMC appears to be induced by the presence of the GMC. These observations suggest that a conserved mechanism involving an asymmetric division, perhaps to segregate cell fate determinants (Figure 1f, h) , is operating in the initial steps of stomatal complex development. How is the process that leads to placement of the division site altered in these asymmetric, compared with default-symmetric, divisions?
In vivo studies in Tradescantia SMC cells have found several differences between asymmetric and symmetric division that may be important (Cleary 1995 , Cleary & Mathesius 1995 , Kennard & Cleary 1997 . The first sign of asymmetry in the vacuolated SMC is the accumulation of cytoplasm at a cortical site adjacent to the GMC, followed by migration of the nucleus near the same region (Kennard & Cleary 1997) . After nuclear migration, MFs accumulate at the same SMC cortical site between the SMC nucleus and the GMC, and concomitantly in the adjacent cortex of the GMC (Cleary 1995 , Cleary & Mathesius 1995 . Actin filaments also connect the nucleus to the newly accumulated cortical actin, and treatment with cytochalasin B (CB), but not oryzalin, prevents the migration of centrifuged SMC nuclei toward the GMC, suggesting that MFs, but not MTs, are necessary for normal nuclear migration (Kennard & Cleary 1997) . In contrast, that migration is not necessary to induce cortical MF localization, because in a small subset of SMC cells, the actin accumulates without nuclear migration (Cleary & Mathesius 1995) . The polar accumulation of actin persists throughout mitosis. The remainder of SMC mitosis appears to occur by the general division mechanism already discussed: asymmetrically shifted MT (Cho & Wick 1989) and MF (Cleary 1995) PPBs appear at an SMC cortex site that predicts the future division plane, and on their disappearance, they leave an actin-depleted zone; no phragmosomal MFs have been observed in SMCs (Cho & Wick 1990 , Cleary 1995 . A similar series of events occurs in the asymmetric division that produces the GMC, suggesting that these events may be general features of plant asymmetric division. These studies support and extend earlier observations in stomatal complex cells of winter rye (Cho & Wick 1990 , 1991 .
The signals that initiate these asymmetries, though clearly associated with the GMC, remain elusive. One clue to the nature of the signals is that local application of pressure to SMC cell walls leads to cytoplasmic and nuclear migration to the pressure point (Kennard & Cleary 1997) ; the authors suggest that stretch-activated ion channels and ion fluxes are intermediates in this signaling process. A simple model is that an extracellular cue originating from the GMC is interpreted by the SMC to orient both nuclear migration and the local accumulation of cortical actin. Either of these asymmetric events could serve to reinforce the GMC-originating spatial cue, thus establishing a more permanent polarity, which might in turn influence, extracellularly, the actin cytoskeleton of the adjacent GMC and, intracellularly, the SMC cytokinetic apparatus (Figure 4a, b) . The localized actin/actin-capping protein/dynactin complex in the C. elegans P1 cell and the rhizoid tip site in the Fucus zygote may function as anchors to help rotate a centrosome and establish their asymmetric division planes (see Figure 2c) . Does the polarly localized actin in the SMC have an analogous function, anchoring the asymmetric position of the nucleus? Does it also shift the division site (Figure 4a, b) ? Division site function The division site and associated PPBs have two ascribed main functions (reviewed in Wick 1991a,b): The first is to assist in defining the spindle apparatus location and orientation. Although the division site determines where the phragmoplast will eventually fuse, centrifugation experiments indicate that the phragmoplast must be correctly situated (within an allowable margin of error) as it finishes forming the cell plate in order to produce a correctly placed wall. Thus the nucleus is generally positioned at the center of the PPB disk, and the spindle poles are often oriented perpendicular to this disk during karyokinesis-although in many plant cells spindle orientation is oblique to the disk (Palevitz 1993) . MTs and MFs that connect the PPB to the nucleus during prophase have been observed (Flanders et al 1990 , Katsuta et al 1990 , and in vacuolated cells, the phragmosomal MFs persist through division (a) An initial directional cue (extracellular or intracellular) leads to formation of an asymmetry in the cortex (rectangle). The cortical asymmetry directs targeted secretion to the cell wall, perhaps through interaction with the cytoskeleton, and secretion of specific components into the plasma membrane/cell wall (dark line) stabilizes the asymmetries on one face of the cell (see Figure 2b) . (b) The stabilized cortical domain directs (dotted arrows) the asymmetric placement of the division site (solid circle) around the perimeter of the cell (see Figure 3a) , as well as the movement of the nucleus (hatched oval) toward the division site. Assembly of a localized cortical domain at the division site could also be stabilized by cell wall/membrane interactions. (c) During cytokinesis, the division sites, through interaction (dashed arrows) with the phragmoplast and/or cell plate (diagonal shading), control the position of plate fusion to the parental walls. The initial cortical asymmetry may be transient (dotted rectangle). However, the persisting, positional cues secreted into the cell wall/plasma membrane remain. (d ) The localized cortical differences (dark line) stabilized in (a) are now partitioned into a single daughter cell. The specialized cell wall/membrane may affect the developmental fate of that daughter cell by signaling to cytoplasmic components and/or to the nucleus (see Figure 3b ). Annu. Rev. Cell. Dev. Biol. 1997.13:697-743 . Downloaded from arjournals.annualreviews.org by Washington University Library on 07/13/05. For personal use only. (Lloyd & Traas 1988) , suggesting a mechanism that accounts for the central position of the nucleus and spindle. Drug studies indicate that nuclear migration to the future division plane and therein its maintenance can be perturbed by destabilizing MTs in certain cell types, and MFs in other types (reviewed in Wick 1991b). Thus one function of the cortical division/PPB site may be to anchor cortical ends of nucleus/spindle-positioning cytoskeletal arrays. The second function of the division site is to ensure that the growing phragmoplast fuses with the existing cell walls at the correct position, i.e. the location selected by the plant prior to mitosis based on developmental and environmental cues (Figure 4c ). This function is often called the memory of the PPB, but in another view this memory function is the raison d'ětre for the PPB. A few markers are now known (e.g. the actin-depleted zone) indicating that the division site does indeed possess persisting differences after the disappearance of the MT and MF PPBs. Another indication of a localized, persisting function is that wounding of the division site by micro-needle punctures during anaphase leads to a localized inhibition of phragmoplast growth near the wound site in telophase (Gunning & Wick 1985) . The mechanism responsible for this persistence is unknown, although some possibilities have been suggested. The p34 cdc2 kinase has been localized to the PPB in both symmetrically dividing root tip cells (Mineyuki et al 1991) and in asymmetrically dividing stomatal complex cells (Colasanti et al 1993) and has been postulated to help mark the cortex via phosphorylation of cortex proteins. The persistence of the division site could also be due to specialization of the cell wall at the former PPB site (clearly discussed in Mineyuki & Gunning 1990) . Observations in several cell types, including A. thaliana GMCs (L Zhao, M Geisler & FD Sack, personal communication), indicate that the cell wall adjacent to the PPB shows localized thickening and, in some cases, that vesicles associate with the PPB MT (Galatis et al 1984) . Thus, the PPB cytoskeletal structures could direct the secretion of a specific vesicle population at the division site (analogous to that occurring at the Fucus rhizoid tip; Figure 2b , c), leading to a persisting, localized cortical specialization (perhaps through ECM/plasma membrane linkages) that enables phragmoplast fusion in the final stage of mitosis (Mineyuki & Palevitz 1990) .
The mechanism that causes the nascent cell wall to fuse with the defined cortical site is under intense scrutiny (Figure 4c ). One proposal is that phragmosomal MFs connecting the division site to the growing phragmoplast in highly vacuolated cells guide it to the correct cortical site (Traas et al 1987 , Lloyd & Traas 1988 , Staiger & Lloyd 1991 ; hence, the division site is a cortical site that anchors these MFs. However, such division site-to-phragmoplast MF are not visible in smaller, less vacuolated cells (Cho & Wick 1990 , Cleary et al 1992 , Liu & Palevitz 1992 , Cleary 1995 . In smaller cells, e.g. Tradescantia stamen hairs, growing phragmoplasts displaced by centrifugation or micromanipulation migrate back to their normal position and fuse at the division site (Gunning & Wick 1985 , Mineyuki & Palevitz 1990 , supporting the notion that active guidance of the phragmoplast to the division site occurs. As noted previously, cytochalasin treatment causes abnormal placement of new cell walls (Wick 1991b) ; whether this is from a direct loss of actin function in phragmoplast guidance, or the indirect result of abnormal nuclear or spindle positioning, loss of actin PPB function, or compromising the MF in the phragmoplast itself, or other CB effects, remains to be clarified.
Another proposal, which does not exclude the previous actin-based model, is that the division site contains localized factors necessary for the final maturation of the phragmoplast (Mineyuki & Gunning 1990 ). This model is supported by real-time observation of normal and experimentally manipulated cytokinesis in Tradescantia stamen hairs. During normal cytokinesis, the forming cell plate within the phragmoplast is initially wrinkled and wavy and retains this morphology until shortly after attachment to the parental cell walls, at which time the existing cell plate flattens (Mineyuki & Palevitz 1990 ). This flattening effect appears to spread gradually from the division site onto cell plates that are attached to the division site on only one side. However, cell plates that are forced to fuse to the parental cell walls at positions other than the division site remain wavy, suggesting that they lack the maturation factors necessary for normal structure (Mineyuki & Palevitz 1990) . Thus the division site appears to be the sole repository of cortical maturation factors, perhaps further insuring that the new cell wall is positioned only at the pre-mitotically determined site.
THE PHRAGMOPLAST AND CYTOKINESIS Our discussion has so far centered on two important cortical sites established during cell division-the division site and the polar actin accumulation site in developing stomatal complexes (e.g. SMCs). However, there is another important cortical site; the new cortex forming at the nascent cell plate. Cytokinesis in higher plants is accomplished by producing a new cell wall between the two daughters, and the cellular apparatus responsible for the new wall is the phragmoplast (Figure 4c ) (Staehelin & Hepler 1996 . The phragmoplast is a complex array of MTs and MFs that directs Golgi-derived vesicles to the region between the two daughter nuclei; these vesicles fuse to form a membranous plate that expands from the center of the cell toward the periphery. The plate goes through specific stages of maturation as it accumulates vesicle-derived material and other cell wall components, forming a cell wall that separates the newly generated plasma membrane/cell cortex of the daughter cells. Thus the cell plate can be considered a specialized cortical region that serves as a target for vesicle fusion and as a site of localized wall synthesis activity, e.g. callose synthase (Kakimoto & Shibaoka 1992) . However, the cell plate initiates in the cytoplasm, as a collection of vesicles that Annu. Rev. Cell. Dev. Biol. 1997.13:697-743 then fuse (Samuels et al 1995 , Staehelin & Hepler 1996 ; the mechanisms that govern this unique maturation process are unknown. The initial phragmoplast structure is a cylindrically shaped MT aggregate, consisting of two disks of oppositely oriented MTs that occupy the space roughly corresponding to the recent spindle interzone. The exact signals that position the phragmoplast are not known, but results support the idea that this original MT array is formed in late anaphase by MTs from the spindle (Zhang et al 1993) . One hypothesis to explain its position is that the phragmoplast MTs are initially organized by MTOC activity at the reforming nuclear membranes of the two daughter nuclei, as the faster-growing plus ends of the MTs interdigitate at the center of the phragmoplast, with their minus ends toward the daughter nuclei (Lambert 1993) . At roughly the same stage, MFs form parallel and adjacent to the phragmoplast MTs, but do not meet at the phragmoplast center, leaving a space devoid of F-actin that corresponds to the site of the future cell plate (Zhang et al 1993) . Vesicles associated with the phragmoplast cytoskeletal elements are deposited at the phragmoplast equator, where the cylindrical array of MTs interdigitate. As the cell plate forms from these vesicles, the cylindrical MT and MF arrays expand radially toward the cell walls, correlating with an expanded region in which vesicles are deposited into the phragmoplast central region (Schopfer & Hepler 1991 , Zhang et al 1993 . Disruption of the MT arrays in the phragmoplast after the daughter nuclei separate prevents cytokinesis and produces binucleate cells, presumably by blocking vesicle transport to the cell plate. Further, a protein with MT plus-end-directed motor activity has been identified and isolated from tobacco phragmoplasts (Asada & Shibaoka 1994) , and a kinesin-like protein likely to have minus-end-directed motor activity has been detected in the phragmoplast by immunofluorescence (Liu et al 1996) . Plus-end-directed motors are candidates to provide the force necessary to transport vesicles on phragmoplast MTs to the forming cell plate. The function of MFs in the phragmoplast is less clear, but available evidence supports the hypothesis that the phragmoplast cytoskeletal arrays function to transport vesicles to a target site for assembly into the cell plate.
A detailed characterization of the vesicle fusion/cell plate formation process by transmission electron microscopy (TEM) indicates that several distinct stages are recognizable (Samuels et al 1995) . Vesicles arrive at the equatorial region and rapidly fuse through connections established by thin (20 nm) tubules, which can extend relatively long (up to 500 nm) distances between two vesicles. This rudimentary network of vesicles and tubules is transformed into a continuous, mesh-like tubulo-vesicular network (TVN). The TVN is surrounded by a complex recognized in TEM as a fuzzy coat and is associated with numerous MTs and with the initial synthesis of callose, which is deposited into the lumen of the network. The TVN matures into a network of larger, smoother membrane tubules, accompanied by the spreading of callose deposits along the lumenal face of the membrane and a loss of associated MTs. Coincident with a near-simultaneous fusion of the plate membrane network with the parent plasma membrane at hundreds of sites, the plate begins to flatten and gradually close the last cytoplasmic gaps. The plate maturation process proceeds spatially in concert with the centrifugal expansion of the phragmoplast; i.e. the plate's center, which is formed initially, is more mature than the plate's edges, which are formed later, as the phragmoplast MT array shifts from the center. Hence the formation of the cell plate can be viewed as a three-part process: targeted vesicle transport, specialized membrane/vesicle fusion, and maturation of the membrane structure through continued vesicle fusion and synthesis of cell wall within the membrane compartment. In one view, cell plate formation is the creation of an extracellular compartment inside the cell (Gu & Verma 1997) .
What molecules and mechanisms govern the formation of the cell plate? The transition from the early vesicle/thin tubule network to the TVN is blocked by the addition of caffeine (Samuels & Staehelin 1996) ; however, the centrifugal expansion of the vesicle network continues. After addition of caffeine, the TVN fuzzy coat never appears, callose is deposited in much smaller quantities, and eventually the vesicle network disintegrates, perhaps lacking some essential stabilizing component (Samuels & Staehelin 1996) . Application of caffeine may disrupt Ca 2+ gradients at the plate, and other evidence from Ca 2+ buffer injections supports the idea that localized Ca 2+ gradients are a necessary element in plate formation. Ca 2+ is a potential regulator of vesicle fusion at the Fucus cortical growth site (Figure 2b ) and in tip-growing pollen tubes (see above), and it may regulate vesicle fusion at the cell plate . However, the initial vesicle/tubule fusion events occur in the presence of caffeine (Samuels & Staehelin 1996) , indicating that any [Ca 2+ ] changes caused by caffeine must perturb later vesicle fusion. A Ca 2+ -activated callose synthase has been detected in isolated phragmoplasts (Kakimoto & Shibaoka 1992) , raising the possibility that altering endogenous [Ca 2+ ] reduces this activity, thereby removing a stabilizing function of callose in the growing cell plate.
Phragmoplastin, a member of the dynamin protein family that all possess GTPase activity and appear to be involved in vesicle budding from membranes, is potentially involved in vesicle fusion at the cell plate, where it localizes (Dombrowski & Raikhel 1995 . Expression of a green fluorescent protein (GFP)-phragmoplastin fusion has allowed visualization of its dynamics, further linking it to cell plate formation: GFP-phragmoplastin appears first at the center of the cell plate in tobacco BY-2 cells, and redistributes outward as the cell plate grows. Moreover, this process is likely to involve MTs because treatment with taxol prevents the centrifugal redistribution of GFP-phragmoplastin (Gu & Verma 1997) . In some cell lines over-expressing GFP-phragmoplastin, cell plate formation is slowed significantly, and oblique cell plates are formed, providing a functional link between phragmoplastin and cytokinesis (Gu & Verma 1997) . In the presence of the nonhydrolyzable GTP-γ -S nucleotide analogue, animal dynamin causes formation of and coats the surface of elongated membrane tubules (Takei et al 1995) . This raises the possibility that phragmoplastin is a component of the cell plate vesicle fusion machinery, catalyzing the formation of the thin tubules connecting vesicles in the initial stage of plate formation (Gu & Verma 1997) .
More direct functional evidence has been obtained for involvement of the A. thaliana KNOLLE (KN) protein in cell plate formation: knolle mutants exhibit incomplete cell walls and multinucleate cells, indicating a defect in cytokinesis (Lukowitz et al 1996) . KN is in the syntaxin family, the members of which in both yeast and mammalian cells serve as t-SNAREs; that is, as receptors on the target membrane for specific vesicle fusion (Rothman & Wieland 1996) . Thus KN may serve as a cell plate-localized receptor for the vesicles that are transported by the phragmoplast (Lukowitz et al 1996) . Several other cytokinesis-defective mutants have been identified: in pea, cyd (Liu et al 1995) ; and in A. thaliana, keule (Assaad et al 1996) , cyd1 (Yang et al 1997) , and tso1 (Liu et al 1997) . The tso1 phenotype is confined to floral organs, suggesting that cytokinesis, despite being a ubiquitous cellular function, involves different genes in different plant organs.
Important goals for the near future are not only to clone these genes in order to pursue their molecular characterization and intracellular localization, but also to evaluate the mutant phenotypes with respect to the framework already established for cytokinesis, e.g. which, if any, of the known cytoskeletal arrays are disrupted in the mutants? Which stage(s) of cell plate formation are abnormal? An early indication is that vesicle fusion may be the central process that is controlled in cell plate formation. A general outline can be drawn that reflects some of the examples recounted in Fucus and other organisms: a site is established and vesicles are transported to that site via the cytoskeleton, the fusion of those vesicles occurs via mechanisms involving phragmoplastin, KNOLLE, and Ca 2+ (which could be components of a localized complex), and the (newly formed) membrane site is stabilized by callose deposition or other caffeine-sensitive processes.
CONSEQUENCES OF ASYMMETRIC DIVISION Asymmetric divisions, which produce daughter cells of unequal sizes, often produce daughters of different cell types. For example, after the first zygotic division of higher plant embryos, cells derived from the smaller of the daughters form most of the embryo proper, whereas the larger of the daughters contributes only to the embryonic root and Annu. Rev. Cell. Dev. Biol. 1997.13:697-743 suspensor (Goldberg et al 1994) . In D. melangaster, the neuroblast asymmetric division partitions the asymmetrically localized Numb and Prospero proteins to one daughter, and thus determines the fate of both daughters, as the presence or absence of Numb and/or Prospero establishes alternative cell fates (Doe 1996) .
A similar mechanism appears to be at work in the Fucus zygote, wherein the determinants appear to be asymmetrically distributed in the cell wall (Figure 3b ). Are similarly localized molecules partitioned to only one daughter to specify cell fate in higher plants? Are such determinants present in the cytoplasm, anchored to a cortical site, as with Numb and Prospero, or are they secreted to localized regions of the cell wall, as in the Fucus zygote?
The vegetative and generative cells in pollen The first mitotic division of the haploid microspore, also known as pollen mitosis I (PMI), produces cells unequal both in size and in developmental fate. The larger vegetative cell (VC) provides the metabolic activity necessary for pollen germination and tube growth, whereas the smaller generative cell (GC) divides again to form the two sperm nuclei, which fertilize the egg sac. The two cells have distinct morphological characteristics and gene expression patterns. In tobacco, the lat52 promoter is sufficient to direct VC-specific transcription of a nuclear-targeted β-glucuronidase (GUS) fusion, providing a useful marker for VC cell identity (Twell 1992) . Furthermore, isolated microspores can be cultured to produce mature binucleate pollen with normal VC and GC characteristics (Eady et al 1995) . Cultured cells treated with high levels of the MT-disrupting drug colchicine do not go through PMI, and instead produce a single-celled pollen grain with VC characteristics. Treatment with low levels of colchicine allows PMI to proceed normally in most microspores, but a small percentage of resulting pollen grains contains two cells of equal size that both display VC characteristics, including expression of lat52-GUS (Eady et al 1995) . Thus the colchicine treatment prevents one of the PMI daughters from adopting a GC fate, and concurrently produces an apparently symmetric division. The authors postulate that the asymmetric PMI is necessary to establish the GC fate and that a MT structure is involved in anchoring asymmetric factors influencing the division and GC fate. In two orchid species, specialized MT structures have been observed in the generative pole cytoplasm extending toward the cortical region that the GC will occupy (Brown & Lemmon 1991 ; however, similar arrays have thus far not been observed in tobacco microspores. A more detailed look at mitosis and the cytoskeleton in the colchicine-treated tobacco microspores would serve to define better the mechanism that interrupts the establishment of the GC.
Asymmetric division in the root meristem In the A. thaliana root meristem, asymmetric divisions occur in the ring of cortex/endodermis initial (CEI) cells to give rise to a smaller daughter that forms an interior ring of cells (the endodermis) and a larger daughter that forms the more exterior ring (the cortex). Histological and clonal analyses indicate that all endodermis cells derive from the smaller daughters and all cortex cells derive from the larger daughters (Dolan et al 1993 , Scheres et al 1994 . Plants mutant for the SCARECROW gene have only one cell layer in place of the normal two (cortex and endodermis) present in wild-type; interestingly, the single mutant cell layer exhibits cell-type markers that suggest it expresses both cortex and endodermis fates (Di Laurenzio et al 1996) . The loss of a cell layer apparently is from lack of the layer-forming CEI asymmetric divisions in the root meristem (Benfey et al 1993 , Scheres et al 1995 . SCR encodes what is likely to be a transcription factor, and the authors suggest that its function is to positively regulate the asymmetric division per se, and not the specification of either cortex or endodermis cell fate (Di Laurenzio et al 1996) . They base their arguments on the observation that both cell fates are expressed in the mutant layer, implying that specification of either cell fate does not require SCR. Thus its primary function must be in generating the two cell layers via the CEI division, and this division is required for correct cortex and endodermis development. The A. thaliana short-root (shr) mutation also abolishes the CEI division, but produces a single layer expressing only the cortex cell fate (Benfey et al 1993) . Several further questions come to mind regarding these experiments: In scr plants is an asymmetry never established in the CEI to direct the division, or is an asymmetry present but simply not acted upon? Would a symmetric division in the periclinal orientation in the scr CEI produce two layers expressing distinct cell fates?
GNOM/EMB30 and cell polarity The gnom mutations were initially isolated based on the apical-basal pattern defects they cause in the A. thaliana embryo (Mayer et al 1991) ; consequently, they were shown to be allelic to emb30 mutations that were isolated previously based on their embryo lethal phenotype (Meinke 1985 , Mayer et al 1993 . gnom and emb30 mutants exhibit a range of developmental abnormalities, with the most reproducible phenotype being irregularities in cell shape, most likely from defects in both division plane orientation and cell expansion throughout development, including in the zygotic division (Mayer et al 1993 , Shevell et al 1994 . In these mutants, the zygotic division often appears to be nearly symmetric, rather than the wild-type asymmetric (Mayer et al 1993) , and several other typically asymmetric divisions also lack asymmetry (Shevell et al 1994) .
[Stomatal complexes are formed in gnom plants, suggesting that the asymmetric division associated with stomatal development still occurs (Mayer et al 1993) ; however, an analysis of gnom stomatal development has not been published.] Further analysis of gnom alleles, using an AtLTP1 marker (which is expressed at the apical end of the wild-type embryo) indicates that gnom embryos can have normal, reversed, or no apical-basal polarity (Vroemen et al 1996) , suggesting that although not absolutely required for establishing the apical-basal pattern, the EMB30/GNOM gene provides an important function for this process. One interpretation of the emb30/gnom phenotype is that the wild-type gene serves to promote asymmetric divisions (Mayer et al 1993) . However, the variety of abnormalities associated with emb30/gnom mutants suggests that the wild-type gene function contributes to many different cellular processes (Shevell et al 1994) . The EMB30/GNOM gene encodes a protein containing a motif, the Sec7 domain, which is conserved in plants, yeast, and animals (Shevell et al 1994) . Recent data provide more insight into the function of the Sec7 domain and, possibly, GNOM function; e.g. the Sec7 domain of the mammalian cytohesin-1 gene has been shown to interact with β2 integrin and to regulate adhesion (Kolanus et al 1996) . An exciting parallel also exists between the emb30/gnom phenotype and the Fucus BFA experiments. Two S. cerevisiae genes, GEA1 and GEA2; one human gene, ARNO; and a purified bovine brain protein, GEP, have recently been shown to code for guanine nucleotide exchange factors (GEFs) for small GTPases in the ARF family (Chardin et al 1996 , Morinaga et al 1996 , Peyroche et al 1996 . Furthermore, each contains a Sec7 domain, and the ARNO Sec7 domain alone is sufficient to provide GEF activity (Chardin et al 1996) . These proteins should serve as positive regulators of ARF factors, which are necessary for budding of vesicles from ER and Golgi membranes for intracellular transport and secretion (Rothman & Wieland 1996) . These results suggest that the EMB30/GNOM protein is also likely to be an ARF exchange factor and that it is important for vesicle transport in plant cells. The potential link to the BFA secretion inhibition in Fucus is suggested by the observation that when purified in native form, both Gea1p and bovine GEP activity are sensitive to BFA (Morinaga et al 1996 , Peyroche et al 1996 . Thus the BFA treatment of Fucus zygotes and the mutation of EMB30/GNOM in A. thaliana may produce similar effects in vivo (e.g. misplaced division planes, altered cell polarity, incorrect cell fate specification) by eliminating ARF GEF activity, and hence vesicle transport. Taken together, these observations further strengthen the idea that secretion plays a crucial role in plant development, perhaps through the deposition of specific molecules into defined regions of the cell wall that act as developmental cues, either specifying specific cell fates or conferring positional information by defining cell polarity.
CONCLUSIONS
Cortical domains, asymmetrically localized in response to directional cues from inside or outside of the cell, appear to be of central importance in establishing cell polarity, orienting cell division, and determining daughter cell fates in a wide variety of organisms. Mechanisms governing cell morphogenesis in plants require that the plane of cell division and the site of cell expansion be closely regulated to generate morphological and developmental diversity at the cellular level (Figure 1) . A basic framework (Figure 2 ) for the role of cytoskeletal and cell wall interactions with the plasma membrane in localized cell expansion and placement of the division plane has been developed in the brown alga Fucus, where one can experimentally manipulate both the site of localized expansion (Figure 1d ) and the placement of the asymmetric plane of division (Figure 1f ) . Asymmetries in the plasma membrane (e.g. ion channel activity) and cortex (Ca 2+ and F-actin) of zygotes are established in response to a gradient of light. Stabilization of this polarity requires MF-mediated local secretion of vesicles derived from the Golgi, resulting in the assembly of a persisting localized cortical site on the shaded side of the light gradient. The Fucus zygote then undergoes localized expansion by continuing to direct its secretory apparatus toward that domain, resulting in the deposition of unique plasma membrane/cell wall components at the expansion site (Figure 2 ). Recent evidence indicates that this cortical domain at the tip of the elongating rhizoid conveys positional information that orients the first asymmetric plane of division and influences the developmental fate of the daughter cells (Figure 3 ). For Fucus, the interaction between the cytoskeleton and plasma membrane is essential for this morphogenetic sequence to occur. However, results in Fucus also highlight the role of targeted secretion and links to the extracellular matrix in providing positional information for the critical morphogenetic events that follow. How might these principles be applied to understanding cell morphogenesis in higher plants?
Examples of cell morphogenesis, including localized expansion (e.g. pollen tubes and root hairs) in higher plants, clearly emphasize the importance of F-actin, ion channels, and gradients of Ca 2+ in assembling the cortical domain actively involved in expansion. Furthermore, these examples of localized cell expansion indicate that signals (some transmitted from external sources) direct the orientation of the secretory apparatus. However, there is no direct evidence in a tip-growing system for a physical or signaling link between the cytoskeletal network and cell wall through a transmembrane complex. Both WAK1 and SRK are molecules that might be examples of such a link, i.e. transmembrane proteins with known cell wall motifs linked through a transmembrane region to a kinase domain. Studies addressing the nature and function of molecules that are integral components of the cell wall and might interact with the tip cortical domain (e.g. AGPs, TTS), as well as analysis of mutations (e.g. pop, rhd6, rth1) that affect localized expansion, should clarify the mechanisms involved in directional signaling. The localization of rac family GTPases and annexins to the pollen tube tip is suggestive of models for cortical complexes at the yeast bud site and focal adhesions in mammalian cells. The putative plant transmembrane cellulose/sucrose synthase complex , which might include a rac-like GTPase, also has obvious similarities to the same yeast cortical complex (Bussey 1996) .
Except for the clear role of the MF and MT cytoskeleton, the nature of the signals and cortical complexes that orient cell divisions, in stomatal development for example, is unknown. Unanswered questions remain about the mechanisms that define and maintain the identity of the various cortical domains (e.g. the division site) and the mechanisms that direct cytoplasmic function in response to those domains (e.g. growth of the cell plate to the division site; Figure 4b, c) . It is clear that the location of the MT and MF PPBs, and of wall thickenings in some cells, predicts the site of division and that actin is required for correct placement of the cell wall. Furthermore, in the asymmetrically dividing SMCs, circumstantial evidence for cell-cell interactions that orient and reorganize the actin cytoskeleton is strong. However, these observations only suggest an interaction between the cell wall and cytoskeleton-no direct evidence for a physical link exists. Whether specific secretory events, similar to those important for determining the division plane in Fucus, establish such links will become more clear through the analysis of mutants with abnormal divisions and the genes identified by such mutations (e.g. tangled, fass, tso1, cyd, keule). However, both directed secretion and the cytoskeleton have established roles in cell plate formation; the functions of several proteins (e.g. MT motors, phragmoplastin, KNOLLE) are being investigated with respect to their role in controlling vesicle targeting and fusion at the developing plate. Analysis of other mutants (e.g. scarecrow) and work with in vitro systems such as cultured tobacco microspores will contribute to our understanding of the mechanism(s) by which cell fate determinants are partitioned to daughter cells, and whether such mechanisms also involve secretion and the cytoskeleton. The two cell division mutations currently analyzed at the molecular level (emb30/gnom and knolle) are in genes with putative secretory functions.
By incorporating the ideas concerning the establishment of a stable cortical asymmetry in Fucus (Figure 2 ) and relevant principles from research in other organisms with current knowledge about plant cell division, a general model for an asymmetric division resulting in daughters with different fates in higher plants can be postulated (Figure 4) . The model does not specify mechanisms, but highlights the role of cortical domains in defining the division site and in partitioning developmental determinants, and will help provide a framework for subsequent experimentation. Although the extent to which global growth controls that may be operative during organ morphogenesis (Kaplan & Hagemann 1991) affect the mechanisms in the proposed model is unclear, the model could account for some of the local interactions (Meyerowitz 1996 (Meyerowitz , 1997 ) that orient cell expansion and cell division within meristems and during the development of specific cellular features of plant organs. The model also illustrates that localized cell wall domains and associated cortical sites can be instrumental in a number of cellular processes. This general mechanism could be used by plant cells in many different contexts, merely by altering the components of the cortical site and the location of directed secretion, based on existing environmental and developmental signals. Within several years, genetic approaches will identify many more genes that play a role in oriented cell division and cell expansion in higher plants. Analysis of mutants, coupled with cytological (e.g. microinjection, immunolocalization) and molecular tools (cell/tissue specific promoters, GFP-fusion expression), can be used to test the local function of these gene products for a much more complete analysis of the mechanisms involved.
